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Evidences indicate that the dark energy constitutes about two thirds of the critical density of the
universe. If the dark energy is an evolving pseudo scalar eld that couples to electromagnetism, a
cosmic magnetic seed eld can be produced via spinoidal instability during the formation of large-
scale structures.
PACS number(s): 98.35.Eg, 98.80.Cq
Recent astrophysical and cosmological observations
such as dynamical mass, Type Ia supernovae (SNe),
gravitational lensing, and cosmic microwave background
(CMB) anisotropies, concordantly prevail a spatially flat
universe containing a mixture of matter and a dominant
smooth component with eective negative pressure [1].
The simplest possibility for this component is a cosmo-
logical constant. A dynamical variation calls for the exis-
tence of dark energy whose equation of state approaches
that of the cosmological constant at recent epochs. Many
possibilities have been proposed to explain for the dark
energy. Most of the dark energy models involve the dy-
namical evolution of classical scalar elds or quintessence
(Q). For a Q-model, the dynamics is governed by the
scalar eld potential such that the vacuum energy be-
comes dynamically important only at recent epochs and
gives rise to an eective cosmological constant today. So
far, many dierent kinds of scalar eld potentials have
been proposed. They include pseudo Nambu-Goldstone
boson, inverse power law, exponential, tracking oscillat-
ing, and others [2]. Upcoming observations will measure
the equation of state so as to discriminate between these
models and distinguish them from the cosmological con-
stant [3].
Since the scalar potential V (φ) of the Q eld is scarcely
known, it is convenient to discuss the evolution of φ
through the equation of state, p = wρ. Physically,
w  −1, where the equality holds for a pure vacuum
state. Lately some progress has been made in constrain-
ing the behavior of Q elds from observational data. A
combined large scale structure (LSS), SNe, and CMB
analysis has set an upper limit on Q-models with a
constant w < −0.7 [4], and a more recent analysis
of CMB observations gives w = −0.82+0:14−0:11 [5]. Fur-
thermore, the SNe data and measurements of the posi-
tion of the acoustic peaks in the CMB anisotropy spec-
trum have been used to put a constraint on the present
w0  −0.96 [6].The apparent brightness of the farthest
SN observed to date, SN1997 at redshift z  1.7, is
consistent with that expected in the decelerating phase
of the flat CDM model with ΩΛ ’ 0.7 [7], inferring
w = −1 for z < 1.7. In addition, several attempts have
been made to test dierent Q-models [8]. Nevertheless,
it is primitive to dierentiate between the variations, and
the reconstruction of V (φ) would require next-generation
observations.
Although the physical state of the dark energy can be
probed through its gravitational eects on the cosmolog-
ical evolution, it is important in fundamental physics to
understand whether the quintessence is a nearly massless,
slowing rolling scalar eld. It has been pointed out by
Carroll that the existence of an approximate global sym-
metry would allow a coupling of φ to the pseudoscalar
F ~F of electromagnetism, which provides a poten-
tial observable in polarization studies of distant radio
sources [9]. As long as an ultralight φ eld couples to
photon where for a slow-roll condition, the mass m is
comparable to H0, it is conceivable to have very long-
wavelength electromagnetic elds generated via spinodal
instabilities from the dynamics of φ as a possible source
of seed magnetic elds for the galactic dynamo. As
we know, the issue of the origin of the observed clus-
ter and galactic magnetic elds of about a few µG [10]
remains a puzzle [11]. These magnetic elds could have
been resulted from the amplication of a seed eld of
Bseed  10−23G on a comoving scale larger than Mpc via
the so-called galactic dynamo eect. A number of scenar-
ios have been proposed for generating seed elds in the
early universe, mainly relying on non-equilibrium con-
ditions such as inflation, the electroweak and the QCD
phase transitions. After the phase transitions, the uni-
verse became a highly conducting plasma so that the
magnetic flux which existed is frozen in, and the ratio of
the magnetic energy density and the thermal background,
ρB/ργ , remains constant thereafter. The required Bseed
translates into ρB ’ 10−34ργ . However, it turns out that
the generated elds in these models are too small, except
in somewhat contrived cases, to be of cosmological inter-
est. In an equilibrium condition, a large damping term
induced by the high plasma conductivity suppresses sig-
nicantly any electromagnetic eld fluctuations [12,13].
In this Letter, we will investigate the implication of
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the electromagnetic coupling of the evolving φ eld to
the origin of the primordial magnetic eld (PMF). Then,
we will provide a mechanism in which the PMF can be
generated via the φ-photon resonant conversion during
the LSS formation.




φ FF , (1)
where F = ∂A − ∂A, f is a mass scale, and c is a
coupling constant which we treat as a free parameter. For
the present consideration, we pick f equal to the reduced
Planck mass Mp  (8piG)−1=2. We are thus led to study
the cosmological evolution of the φ-photon system in a
flat universe. The eective action is


















where the signature is (−+ ++) and SM is the classical
action for matter. We assume that the universe today
has matter Ω0M = 0.3 and quintessence Ω
0
 = 0.7, and










where η0 and ηls are respectively the conformal time
today and at the last scattering, dened by η =
H0
∫
dta−1(t) with the scale factor a and the Hubble con-
stant H0. Assuming a spatially homogeneous φ eld, the
evolution of the cosmic background is governed by
dρ
dη








where h = H/H0, ρ = ρ/(MpH0)2, and we have
used _φ2 = (1 + w)ρ and V (φ) = (1 − w)ρ/2. We
have numerically solved the background equations by
taking a square-wave form for w as shown in Fig. 1.
This pulse-shaped equation of state is in fact antici-
pated and quite general in the class of Q-models using
pseudo Nambu-Goldstone bosons [14]. In the PNGB
models, the nonperturbatively large quantum fluctua-
tions driven by spinoidal instabilities strongly dissipate
the oscillation of the scalar eld expectation value, lead-
ing to the eld oscillation to become overdamped, and -
nally the eld expectation value relaxes to the minimum
of the eective action. In order to satisfy the above-
mentioned observational constraints on w, we have cho-
sen w = −1 for z < 2, and a width of the square-wave
such that hwi ’ −0.7. Note that at the present time
Ω = ρ/(3h2) = 0.7 and H0t = 0.95. We have also
plotted dθ/dη = a
√
(1 + w)ρ, where θ = φ/Mp. Here
we would like to emphasize that the spinodal instabilities
that we will discuss later to drive the amplitude fluctu-
ations of long-wavelength magnetic elds to grow is a
general phenomenon as long as the equation of state of
the scalar eld deviates from w = −1.
The most stringent limit on the φ-photon coupling
comes from the cooling via the Primako conversion of
horizontal branch (HB) stars in globular clusters [15],
c/f < 1.5  10−11GeV−1, which gives c < 3.7  107.
If φ carries a mass m  H0, it would decay into two
photons with a width, Γ = c2m3/(4pif
2). Hence the life-
time of φ is much longer than the age of the universe.
There is a very nice limit on c coming from the rotation
of the plane of polarization of light from distant radio
sources, c < 3 10−2/jθj, where θ is the change in θ
between z = 0.425 and today [9]. Since we have taken
w = −1 (i.e., θ = 0) for z < 2, this limit does not
apply to our case at all. From the theoretical point of
view, it has been argued that because of radiative cor-
rections c must be innitesimally small to keep the φ eld
light [16]. However, we are yet to understand how to sta-
bilize light states to radiative or inevitably gravitational
shifts [9,17,16]. Therefore, we will put aside the prefer-
ences imposed by theoretical arguments and adopt only
the observational HB upper limit on c.
From the action (2), the comoving magnetic eld in















where r  ∂/∂x, σ is the plasma conductivity, and
v = dx/dτ is the peculiar plasma velocity. After hy-
drogen recombination, the residual ionization keeps the
conductivity high, σ/H  1022(T/eV)−3=2  1. As a re-
sult, the σ term under the assumption that v = 0 damps
out any growth of the B eld on scales above  A.U. [12]
But this assumption does not hold when the universe has
entered the non-linear regime. From the theory of small
fluctuations, v will grow with density perturbations. Ve-
locity flows grow rapidly after extreme nonlinearities de-
velop in the cosmic fluid. Numerical simulations showed
that the rms value for r  v  r v is about 10−16s−1
on comoving scale of Mpc at z  3 [18]. This is just the
inverse of the time scale τLSS for LSS formation. When a
Mpc-scale magnetic eld with magnitude B is simultane-
ously created, the growth rate ∂B/∂τ  B/τLSS is com-
parable to the twisting term jr (vB)j  Br v. As
such, the σ term would be signicantly reduced and the
high plasma conductivity is no longer a hindrance to the
growth of large-scale magnetic elds. In fact, the authors
in Ref. [18] proposed the battery mechanism as a source
for generating a small initial magnetic eld during LSS
formation. There they performed numerical simulations
by adding the battery equation to the hydrodynamic code
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for structure formation, and showed that magnetic elds
are built up in regions about to collapse into galaxies.
Here we will show that the temporal variation of φ can
also be a seed for large-scale magnetic elds. We will
not pursue numerical simulations similar to Ref. [18]. As
a rst step, we will simply omit the σ term and solve
for the photon equation self-consistently. Of course, it
would be very interesting to carry out direct numerical
simulations by coupling the φ-photon system in Eq. (6)
to the hydrodynamic code to make a map of the created
magnetic elds.
Now we write B = rAT and decompose the trans-













where bk are destruction operators, and k are circular






q2  4cq dθ
dη
)
Vq = 0, (8)





Hence, the comoving energy density of the magnetic eld














where T0 is the current temperature of the CMB whose
energy density is ργ = pi2T 40 /15. The nonlinear growth
in V+q can be understood by treating the background
eld solution dθ/dη > 0 in Eq. (8) as a constant.
For small fluctuations of the eld, the long-wavelength
modes of V+q , where q lies within the unstable band,
q < 4c(dθ/dη), in fact "see" the inverted harmonic os-
cillators that cause the amplitude fluctuations to grow
exponentially, while the evolution of V−q modes is purely
oscillating without any growth. The growth of these
unstable modes is driven by spinodal instabilities [19].
Now we can write the approximate solution for the grow-
ing modes to Eq. (8) as V+q / e where the exponent
α =
√
4cq(dθ/dη)− q2 provided that q is in the unstable
band. The maximum value of α is αmax = 2c(dθ/dη)
at q = 2c(dθ/dη). Since the maximum growth for the
amplitude fluctuations occurs at q = 2c(dθ/dη) , in or-
der to produce the large-scale correlated magnetic elds
on 10 Mpc scales with the fastest growth, one can es-
timate the order-of-magnitude of the coupling c, which
is about 102, using the fact that dθ/dη ’ 0.8 at red-
shift z = 10 after which the universe was in the non-
linear regime and based on our previous argument that
the high plasma conductivity eect which could damp
out the produced magnetic elds can be ignored. The
self-consistency condition to reduce signicantly this high
conductivity eect can be justied in the sense that for
the exponentially growing modes that we are interested
in, ∂B/∂τ  αmaxH0B  (10−16s−1)B with the coupling
c ’ 100 and dθ/dη ’ 1, which is of the same order of the
twisting term jr  (v  B)j  Br  v during the LSS
formation obtained from the numerical simulations [18].
As you will see in our numerical analysis, the spinodal
instability provides a robust mechanism to generate the
long-wavelength fluctuations where the created magnetic
elds correspond to coherent collective behavior in which
the elds correlate themselves over a large distance of or-
der of 10 Mpc. However, since dθ/dη is actually time
dependent, the modes will grow only for a period of time
before they move out of the unstable band. In the end,
the growth of the long-wavelength modes will be shut
o completely when the bandwidth of the unstable band
vanishes as dθ/dη reaches zero at redshift z  4. We have
numerically solved the mode equations (8) using c = 130
and the background solution as shown in Fig. 1, and plot-
ted the ratio (dρB/dq)/ργ in Fig. 2. Although photons
are being produced as the scalar eld starts rolling at
z  60, we have counted the photons produced only af-
ter z = 10 when the universe has presumably entered the
non-linear regime. The result shows that a suciently
large seed magnetic eld of 10 Mpc scale has been pro-
duced before z  4. Then, the magnetic energy density
can be approximately obtained from Fig. 2 and is about
ΩB ’ 10−33  Ω. Therefore, the back reaction ef-
fect from the produced magnetic elds on the scalar eld
evolution equation is negligible. Although the value of
c = 130 is well below the HB limit, undoubtably it is
much larger than the theoretical expectation. However,
as suggested in Ref. [9], an unsuppressed φ-photon cou-
pling may arise in higher dimensional theories. Moreover,
we notice that when c  130 the spinoidal instability
gives rise to magnetic seed elds of the right magnitude
and length scale. If we decrease the value of c, the peaks
of the curves in Fig. 2 will shift to the lower left-hand
corner.
In conclusion, we have studied the possibility of gen-
erating the PMF on Mpc scales during the LSS forma-
tion by coupling the electromagnetic eld to the evolving
scalar eld that accounts for the dark energy dynamics.
The high conductivity eect due to residual ionization
after hydrogen recombination can be argued to be signif-
icantly reduced as a result of the existence of the cosmic
flow with nonlinear, twisting perculiar velocity to avoid a
hindrance to the growth of the magnetic elds. We have
shown that the nonlinear instability that drives the rapid
growth of magnetic elds is of spinodal instability where
the long-wavelength modes about the Mpc scales evolve
as being the inverted harmonic oscillators and the am-
plitude fluctuations begin to grow up to a time at which
the scalar eld velocity approaches zero at redshift z  4.
The amount of the produced magnetic elds could serve
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as the seed eld for galactic dynamo.
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FIG. 1. The quantities dθ/dη, wφ, H0t, and Ωφ as a func-




















FIG. 2. Ratios of the spectral magnetic energy density to
the present CMB energy density at various redshifts. The
present wavelength of the magnetic eld is given by 2pi/(qH0).
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